Bidirectional phase transformation between bcc and fcc iron is investigated by molecular dynamics simulation using the Finnis-Sinclair potential with a cutoff function in the atomic charge density. It is confirmed that the influence distance (i.e., cutoff distance) of the atomic charge density affects the relative stability between the bcc and fcc phases at high temperature: the bcc is stable at a long cutoff distance and the fcc is stable at a short cutoff distance. Hence, the bidirectional phase transformation across the A3 point comes true by changing the cutoff distance at the A3 point. The propagation of an fcc-bcc heterointerface with a Nishiyama-Wassermann orientation relationship is then examined by relaxation of an fcc-bcc biphasic system at various temperatures. The fcc-to-bcc phase transformation is observed below the A3 point, whereas the heterointerface does not move to any direction at the A3 point. On the other hand, the bcc-to-fcc phase transformation is observed above the A3 point, which has not been successful in previous studies using the original Finnis-Sinclair potential.
Introduction
The structure and kinetics of the heterointerface between body-centered cubic (bcc) and face-centered cubic (fcc) during the phase transformation of steel have been studied for many years 1, 2) since it is quite important to control the microstructure, which determines the mechanical property of steel. The structure of such heterointerface has been widely investigated, [1] [2] [3] [4] [5] [6] [7] [8] and the accurate orientation relationship (OR) of the fcc-bcc heterointerface has been revealed using various experimental techniques such as a convergent beam Kikuchi line diffraction pattern (CBKLP) 5) and an electron backscatter diffraction (EBSD). 6, 7) On the other hand, it is not straightforward to discuss the kinetics of such heterointerface since it is still difficult to observe the motion of the heterointerface during phase transformation directly, although a new in-situ observation technique has been developed. 8) Therefore, theoretical and numerical simulations have contributed to the interpretation of the structure and kinetics of the fcc-bcc heterointerface during phase transformation. For example, the energy transition during bcc-fcc lattice deformation along the Bain 9) and other deformation paths has been calculated using the linear muffin-tinorbital (LMTO) method, 10) the density functional theory (DFT) 11) and the embedded-atom method (EAM) approach. 12) Nagano and Enomoto examined the interfacial energy between α and γ iron with various ORs. 13) Regarding the kinetics of the fcc-bcc heterointerface, molecular dynamics (MD) simulation is a powerful tool for discussing the dynamic properties of the heterointerface since it can be used to trace the atomic motion directly. For example, Sinclair and Hoagland 14) examined the role of fault band intersections in the nucleation of martensite from austenite using the EAM potential fit by Ackland et al.. 15) Bos and coworkers 16) estimated the interface velocity during the fccto-bcc phase transformation in pure iron in the range of 200-700 m/s using the Johnson-Oh potential. 17) In addition, we have investigated the kinetics of the fcc-bcc heterointerface during the fcc-to-bcc phase transformation with respect to ORs ranging from Nishiyama-Wasserman (N-W) OR 18, 19) to Kurdjumow-Sachs (K-S) OR 20) using the Finnis-Sinclair potential 21) and revealed that there are two different propagation behaviors of the heterointerface: a planar propagation for the heterointerface with the N-W or near N-W ORs and a fast needlelike growth after initial planar growth for the heterointerface with the K-S or near K-S ORs. 22, 23) The aforementioned MD simulations have captured the kinetics of the heterointerface during unidirectional transformation from the fcc to bcc phase at least qualitatively. However, it is not straightforward to reproduce the reverse transformation from the bcc to fcc phase since the interatomic potential, which can reproduce the bidirectional phase transformation of iron at a time, has not yet been established despite numerous efforts over many years. Actually, it is difficult to reproduce the change in relative stability between the bcc and fcc phases with respect to tem-© 2011 ISIJ perature, which enables the bidirectional phase transformation. Engin and coworkers 24) examined the relative stability of the bcc and fcc phases of iron for several published interatomic potentials such as FS and Johnson-Oh potential and concluded that the bcc phase has a smaller free energy than the fcc phase for all temperatures up to the melting point except for the Meyer-Entel potential. 25) They also noted that several interatomic potentials exhibit a metastable fcc phase in the sense that the fcc structure corresponds to a local minimum of the free energy, which enabled the unidirectional propagation of the heterointerface during the fcc-to-bcc phase transformation in aforementioned literatures 14, 16, 22, 23) instead of a homogeneous phase transformation. Muller and coworkers 26) developed the angular-dependent analytical bond-order potential (ABOP), which reproduces both the α-γ and γ -δ phase transformations sequentially in the sense that the free energy difference between the bcc and fcc phases changed properly, although the kinetics of the fccbcc heterointerface was not examined. Moreover, Osetsky and Serra 27) reproduced the phase transformation between γ and δ iron (i.e., at the A4 point) using the effective pair interaction potential and revealed that the fcc-to-bcc phase transformation occurred via Bain distortion and the bcc-tofcc phase transition via a Burgers mechanism.
As discussed above, the interatomic potential reproducing the bidirectional kinetic of the fcc-bcc heterointerface particularly during phase transformation between α and γ iron (i.e., at the A3 point) has not yet been established yet. Meanwhile, we have employed the FS potential to investigate the unidirectional kinetics of the fcc-bcc heterointerface 22, 23) and the thermodynamic properties of the solid-liquid interface of iron 28, 29) and found that the influence distance of the atomic charge densities, which generates the attractive force, affects the relative stability between the bcc and fcc phases as a function of temperature. 30) Therefore, the effect of the influence distance of the atomic charge density in the FS potential on the relative stability between the bcc and fcc phases is closely examined in this study to pursue the bidirectional kinetics of the fcc-bcc heterointerface during the phase transformation between α and γ iron. MD simulation of relaxation of the fcc-bcc biphasic system of pure iron with the interface of N-W OR is then performed.
Modification of the Finnis-Sinclair Potential for Bidirectional Phase Transformation
The FS potential is one of the established potentials for bcc metals since it can reproduce the material properties despite its simple form and short cutoff distance. The total energy of the FS potential, E, is expressed as: (4) where V is the repulsive term, rij is the bond length between atoms i and j, ρ is the total electronic charge density at the site of atom i, which is constructed by the rigid superposition of atomic charge densities φ, A is the binding energy, c0, c1 and c2 are the free parameters used for fitting experimental data, c and d are cutoff parameters assumed to lie between the second-and third-nearest-neighbor atoms, and b is a parameter used to introduce a maximum value of φ within the first-nearest-neighbor distance.
The FS potential has the following two properties: (i) the cohesive energy per atom in the bcc phase is lower than that in the fcc phase independent of temperature and (ii) there is an energy barrier along the Bain deformation path between bcc and fcc lattices. Hence, the FS potential can capture the kinetics of unidirectional transformation from the fcc to bcc phase at least qualitatively, 22, 23) whereas it cannot treat the opposite transformation from the bcc to fcc phase as it is. We have tuned the parameters of the FS potential in order to reproduce the bidirectional phase transition by way of fitting physical parameters to those from DFT calculation and experiments using the interatomic potential fitting tool developed by Kumagai. 31) However, despite many efforts in fitting parameters, a fine parameter set, which reproduces the change in the relative stability between the bcc and fcc phases as a function of temperature, could not be found using the original functions of the FS potential.
On the other hand, we have found that the influence distance of the atomic charge densities, φ (Eq. (4)), which generates the attractive force, affects the relative stability between the bcc and fcc phases as a function of temperature. 30) That is, the magnitude relation of number of atoms within the influence distance of the atomic charge density for the bcc and fcc lattices changes at high temperature owing to the thermal expansion in the case of the influence distance close to the second-nearest-neighbor distance. The first-, second-and third-nearest-neighbor distances of bcc iron at 0 K are 2.49, 2.87 and 4.06 Å, and the first-and second-nearest-neighbor distances of fcc iron are 2.61 and 3.69 Å, respectively (see Fig. 1 ). Hence, the numbers of atoms within the influence distance of the atomic charge density of the FS potential for the bcc and fcc iron are 14 and 12, respectively, which causes the lower cohesive energy of the bcc iron than that of the fcc iron. If the influence distance comes close to the second-nearest-neighbor distance of the bcc iron at 0 K, the second-nearest-neighbor distance of the bcc iron at high temperature exceeds the influence distance due to the thermal expansion. It causes the change in the magnitude relation of number of atoms within the influence distance between the bcc and fcc iron, which results in the lower cohesive energy of the fcc iron than that of the bcc iron. In this study, we achieve the bidirectional phase transition between the bcc and fcc iron using the above property. We note that there may be another way to reproduce bidirectional phase transition using the FSbased interatomic potential, although we do not find any other option using the FS potential after the combinatorial parameter survey. Here, the influence distance of the atomic 
charge density varies using a cutoff function with a sine function, which has been employed in the Tersoff potential. 32) That is, Eq. (4) (5) where R c is the cutoff distance and λ is the half width of the cutoff region. When the cutoff distance R c is larger than the parameter d in Eq. (4), the modified interatomic potential coincides with the original FS potential. In the following section, the effect of the cutoff distance on the melting point and the cohesive energy as a function of temperature is examined.
Influence Distance of Atomic Charge Density in the Finnis-Sinclair Potential
The effect of influence distance of atomic charge density on the melting point and the cohesive energy was examined using the aforementioned FS potential with the cutoff function. The parameters for iron are quoted from the original paper by Finnis and Sinclair 21, 33) and listed in Table 1 . The cutoff distance is varied from 3.05 to 3.45 Å in 0.5 Å increments. The half width of the cutoff region is fixed to 0.1 Å. As a simulation methodology of the MD calculation, a leapfrog method was used to integrate a classical equation of motion with a time step of 1.0 fs. The Berendsen thermostat was applied to control the temperature for every step.
34) The Andersen method was applied for controlling pressure. 35) The melting point of both the bcc and fcc iron described using the FS potential with the cutoff function was estimated from the converging temperature of the bcc-liquid and fcc-liquid biphasic system, respectively, in the following manner. 36, 37) Note that the melting point of the fcc iron is not usually defined in the experiment. Bcc crystals with 20 250 atoms in a periodic cell of 43.0 × 128.0 × 43.0 Å were relaxed with the NVT ensemble for 100 ps at 1 000 and 3 000 K to obtain the solid-bcc and liquid structure, respectively. Similarly, the solid-fcc and liquid structure were obtained using fcc crystals with 20 736 atoms in a periodic cell of 44.3 × 133.0 × 44.3 Å. The solid and liquid structures obtained were connected to form a solid-liquid biphasic system with a planar solid-liquid interface. The biphasic system for both the bcc-liquid and fcc-liquid was then relaxed with the NPT ensemble for 50 ps at various temperatures. The temperature control was stopped during subsequent relaxation for 950 ps to obtain the converging temperature. Figure 2 shows the melting point of the bcc and fcc iron described using the FS potential with the cutoff function as a function of the cutoff distance. The melting point of the bcc iron described using the original FS potential, 2 405 ± 10 K, 35) is also plotted as the melting point for the cutoff distance of 3.57 Å. The error bars reflect the fluctuation of the temperature during the estimation of the melting point. It was found that the melting point of the bcc iron with a cutoff distance of 3.40 Å or more was about 2 400 K, decreased monotonically with decreasing cutoff distance and dropped to 1 960 K at the cutoff distance of 3.10 Å. The melting point of the bcc iron with a cutoff distance of less than 3.10 Å could not be defined since the bcc structure was no longer stable at high temperature. That is, the second-nearestneighbor distance at high temperature exceeded the cutoff distance of the atomic charge density easily due to the thermal expansion. The melting point of the fcc iron also decreased with decreasing cutoff distance ranging from 2 125 K (3.25 Å) to 1 940 K (3.05 Å). The fcc iron at high temperature was not stable in the case of a cutoff distance of more than 3.30 Å since the long cutoff distance, which comes close to the original FS potential, makes the bcc lat- tice more stable than the fcc lattice. The variation of the melting point of the fcc iron with respect to the cutoff distance is smaller than that of the bcc iron, which causes the crossing of the two lines at around 3.19 Å in Fig. 2 . It means that the bcc lattice is more stable than the fcc lattice at high temperature near the melting point for the cutoff distance of 3.20 Å or more, and vice versa with the cutoff distance of 3.15 Å or less. Therefore, it was confirmed that the influence distance of the atomic charge density in FS potential affects the stable phase at high temperature: the bcc is stable at a long cutoff distance and the fcc is stable at a short cutoff distance.
Next, the relative stability in the cohesive energy between the bcc and fcc phases was examined by focusing on the magnitude relation of the potential energy between the bcc and fcc single crystals as a function of temperature. Bcc single crystals with 20 250 atoms in a periodic cell of 43.0 × 128.0 × 43.0 Å and fcc single crystals with 20 736 atoms in a periodic cell of 44.3 × 133.0 × 44.3 Å were relaxed with the NPT ensemble for 100 ps at various temperatures, and the average of the potential energy was sampled from each relaxation. Figure 3 shows the potential energy of the bcc and fcc single crystals as a function of temperature in the case of 3.1 and 3.2 Å as the cutoff distances. For the cutoff distance of 3.1 Å, the potential energies of the bcc and fcc iron with respect to temperature crossed each other at 1 000 K, that is, the bcc phase was more and less stable than the fcc phase below and above 1 000 K, respectively. On the other hand, the bcc structure is stable for all temperatures considered in the case of the cutoff distance of 3.2 Å, which is similar to the case using the original FS potential. This trend in the potential energy agrees with that in the melting point as shown in Fig. 2 . That is, the potential energies of the bcc and fcc iron as a function of temperature cross each other in the range of the cutoff distance where the melting point of the fcc crystal is higher than that of the bcc crystal. Hence, it was confirmed that the stable phase of the fcc iron at high temperature can be reproduced using the FS potential combined with the cutoff function in the atomic charge density.
As discussed above, the influence distance of atomic charge density affects the melting point and the cohesive energy. However, it is essential to know the other basic properties are not affected by this modification. In general, the validity of the interatomic potential is discussed by examining mechanical properties such as lattice constant, cohesive energy and bulk modulus at 0 K. The effect of the influence distance of atomic charge density on such basic properties are examined and discussed in the Appendix A.
From the above discussion, it is expected that the bidirectional phase transformation between the bcc and fcc iron can be reproduced in the MD simulation using the FS potential with proper cutoff distance at least qualitatively, whereas only the unidirectional transformation from the fcc to bcc phase can be reproduced using the original FS potential. 22, 23) In the following section, the bidirectional kinetics of the fccbcc heterointerface is examined.
Kinetics of the fcc-bcc Heterointerface during Bidirectional Phase Transformation
First, the direction of the phase transformation in the fccbcc biphasic system with respect to the cutoff distance is examined at a fixed temperature. Here, an fcc-bcc biphasic system with a heterointerface of the N-W OR, which is experimentally commonly observed OR, is employed. The heterointerface with the N-W OR satisfies the (111)fcc// (110)bcc and [001]bcc//[11 -0]fcc orientations. 1) It has been confirmed in previous MD studies 22, 23) that the heterointerface with the N-W OR propagates with a planar interface parallel to the initial plane during unidirectional fcc-to-bcc phase transformation. The biphasic system prepared for the initial configuration consists of 7 960 atoms (40.87 × 28.84 × 83.20 Å), which is allocated in a rectangular cell with a periodic boundary condition for all directions. The biphasic system prepared was then relaxed with the NPT ensemble for 1 000 ps at 1 516 K. The cutoff distance was varied from 3.15 to 3.25 Å in 0.1 Å increments. The iron atoms with the bcc or fcc configuration were defined by the coordination number of the atom within the threshold distance, 3.2 Å 22, 23) : the atoms with 12 and 14 neighbor atoms within the cutoff distance were identified as atoms with fcc and bcc configurations, respectively. Table 2 shows the propagation direction of the heterointerface with the N-W OR during the relaxation. The bcc-to-fcc phase transformation was observed for the cutoff distance of 3.17 Å or less, whereas the fcc-to-bcc transformation was observed for the cutoff distance of 3.21 Å or more. For the intermediate cutoff distance, the heterointerface did not move to any direction during relaxation. This result corresponds to the trend in the melting point as shown in Fig. 2 . That is, the cutoff distance of 3.19 Å is the threshold dividing a stable phase between the bcc and fcc phases at high temperature. In summary, the bidirectional propagation of the fcc-bcc heterointerface was successfully reproduced by changing the influence distance of the atomic charge density in the FS potential.
The above results suggest that the change in direction of the phase transformation at the A3 point, TA3, can be reproduced by employing two cutoff distances: more and less than 3.19 Å at below and above the A3 point, respectively. Here, the following two cutoff distances are employed: Rc = 3.3 Å at T ≤ TA3 (bcc stable) and Rc = 3.1 Å at T > TA3 (fcc stable). The A3 point of the FS potential with the two cutoff distances is defined as 1 516 K, which comes from the multiplication of the A3 point normalized by the melting point from experiments, 0.655 (i.e., 1 184 K/1 808 K) and the melting point of the bcc iron of the FS potential with the cutoff distance of Rc = 3.3 Å, 2 315 K as shown in Fig. 2 . As in the case of the previous section, the propagation of the fcc-bcc heterointerface with the N-W OR is examined. The biphasic system prepared for the initial configuration consists of 191 040 atoms (81.44 × 86.20 × 332.80 Å) in the rectangular cell, satisfying periodicity in the x-and y-directions. Vacuum regions are prepared at the top and bottom of the cell to prevent the interference between the top and bottom atoms (Therefore, the height of the cell is set to be 360.00 Å). The biphasic system prepared was then relaxed with the NPT ensemble for 100 ps at various temperatures. Figure 4 shows snapshots of the fcc-bcc heterointerface with the N-W OR during bidirectional phase transformation at various temperatures. Note that the determination of the bcc and fcc configurations for each atom at high temperature includes an inherent error due to the thermal vibration. In the case of the temperature below the A3 point (1 511 K), the fcc-to-bcc phase transformation was observed, whereas the heterointerface did not move to any direction during relaxation at the A3 point (1 516 K). On the other hand, the bcc-to-fcc phase transformation was observed during relaxation above the A3 point (1 521 K), which has not been successful using the original FS potential. It was found that the heterointerface with the N-W OR also propagated keeping the interface planer parallel to the initial plane during the bcc-to-fcc phase transformation as in the case of the fcc-tobcc phase transformation. Figure 5 shows the propagation velocity of the heterointerface with the N-W OR as a function of relaxation temperature. The positive velocity represents the propagation of the heterointerface for the bcc-tofcc phase transformation and vice versa. The average veloc- Fig. 4 , the direction of phase transformation changed across the A3 point. A few degrees apart from the A3 point brought forth the propagation of the fcc-bcc heterointerface to both directions. The propagation velocity varied only slightly in the range considered. The propagation velocities of the phase transformation were about 25 and -15 m/s for the bcc-to-fcc and fcc-to-bcc phase transformations, respectively, which is one order of magnitude less than that from previous MD work. 16 ) However, we should be careful in discussing the propagation velocity from a quantitative point of view considering the reliability of the interatomic potential at this stage.
Conclusions
By modifying the FS potential employing a cutoff function in the atomic charge density, the directional phase transformation between bcc and fcc iron came true in the MD simulation. The cutoff distance of the atomic charge density in the FS potential affected the relative stability between the bcc and fcc phases at high temperature: the bcc was stable at a long cutoff distance and the fcc was stable at a short cutoff distance. The critical cutoff distance dividing the stable phase between the bcc and fcc phases at high temperature was 3.19 Å. Therefore, the bidirectional phase transformation across the A3 point came true by changing the cutoff distance at the A3 point. Using this criterion, the bidirectional propagation of an fcc-bcc heterointerface with the N-W OR was reproduced successfully in the MD simulation of the relaxation of the fcc-bcc biphasic system of pure iron. The fcc-to-bcc phase transformation was observed below the A3 point, whereas the bcc-to-fcc phase transformation was observed above the A3 point, which has not been successful in previous studies using the original FS potential.
Since the interatomic potential describing the bidirectional phase transformation between the bcc and fcc iron has not yet been established, it is significant that the interatomic potential employed in this study can capture the bidirectional phase transformation at least qualitatively. It was newly found using this interatomic potential that the heterointerface with the N-W OR also propagates, keeping the interface planar parallel to the initial plane during the bcc-to-fcc phase transformation as in the case of the phase transformation in the opposite direction. In the next stage, investigation on unknown phenomena related to the phase transformation such as the orientation relationship in the interfacial energy and kinetics of the fcc-bcc heterointerface and stress-induced transformation are expected, which has been not straightforward to be treated using previous interatomic potentials. Although the interatomic potential in this study includes several points to be improved, such as the magnetic property, we consider that the results and discussion in this study show the possibility of the MD simulation being a useful tool for clarifying such a complicated phase transformation of iron and steel from a point of view of atomic scale.
the lattice constant at 0 K) of the bcc and fcc iron as a function of the cutoff distance. It was confirmed that the energy curves for both the bcc and fcc iron were not affected by the cutoff distance employed in this study but the same as the original FS potential. However, when the cutoff distance for the bcc iron becomes 2.90 Å and less, the cohesive energy increased drastically, since the cutoff distance becomes smaller than the second-nearest neighbor distance of the bcc iron. That is caused by the fact that the numbers of atoms within the influence distance of the atomic charge density of the FS potential for the bcc and fcc iron are not changed in the case of the cutoff distance of 3.0 Å and more for bcc iron and 2.9 Å and more for fcc iron. Therefore, the lattice constant, cohesive energy, and bulk modulus of the FS potential with the cutoff distance of 3.0 Å and more are the same as those of the original FS potential, which validates the fact that the interatomic employed in the study ensure the mechanical properties reproduced by the original FS potential. 
